Heat Maps for Intramolecular Communication in an RNP Enzyme Encoding Glutamine  by Rodríguez-Hernández, Annia & Perona, John J.
Structure
ArticleHeat Maps for Intramolecular Communication
in an RNP Enzyme Encoding Glutamine
Annia Rodrı´guez-Herna´ndez1 and John J. Perona1,2,*
1Department of Chemistry and Biochemistry
2Interdepartmental Program in Biomolecular Science and Engineering
University of California, Santa Barbara, Santa Barbara, CA 93106-9510, USA
*Correspondence: perona@chem.ucsb.edu
DOI 10.1016/j.str.2010.12.017SUMMARY
Allosteric signaling within large ribonucleoproteins
modulates both catalytic function and biological
specificity, but the spatial extent and quantitative
magnitudes of long-distance free-energy couplings
have yet to be well characterized. Here, we employ
pre-steady-state kinetics to generate a comprehen-
sive mapping of intramolecular communication in
the glutaminyl-tRNA synthetase:tRNAGln complex.
Alanine substitution at 29 positions across the
protein-RNA interface reveals distinct coupling
amplitudes for glutamine binding and aminoacyl-
tRNA formation on the enzyme, respectively,
implying the existence of multiple signaling path-
ways. Structural models suggest that long-range
signal propagation from the tRNA anticodon is
dynamically driven, whereas shorter pathways are
mediated by induced-fit rearrangements. Seven
protein contacts with the distal tRNA vertical arm
each weaken glutamine binding affinity across
distances up to 40 A˚, demonstrating that negative
allosteric coupling plays a key role in enforcing the
selective RNA-amino acid pairing at the heart of the
genetic code.
INTRODUCTION
Intramolecular signaling pathways between spatially separated
sites within single macromolecules or macromolecular
complexes play crucial roles in functional regulation. Long-
distance propagation of substrate or effector binding at distal
surfaces of a protein enzyme to its active site, for example,
may influence the precise juxtaposition of reactive moieties
and, consequently, the rate of the bond-breaking and bond-
forming steps in catalysis. Such signaling is ultimately depen-
dent on protein flexibility, a complex emergent property of the
tertiary architecture, which controls the populations of confor-
mational isomers and their rates of interconversion (Goodey
and Benkovic, 2008). RNA molecules and ribonucleoproteins
(RNPs) also exhibit complex dynamics that are crucial to
signaling, catalysis, and assembly (Al-Hashimi and Walter,
2008).386 Structure 19, 386–396, March 9, 2011 ª2011 Elsevier Ltd All righEvidence for long-distance signaling in relatively small protein
systems, occurring on picosecond to nanosecond timescales,
has been obtained from NMR relaxation and time-resolved
X-ray crystallography (Popovych et al., 2006; Cho et al., 2010).
Over much longer timescales, extensive intraparticle rearrange-
ments in the ribosome have been observed with single-molecule
fluorescence resonance energy transfer techniques that monitor
processive protein chain elongation in real time (Munro et al.,
2010; Aitken and Puglisi, 2010). Computational methods,
including community network analysis derived from molecular
dynamics (Sethi et al., 2009), and simulation of anisotropic
thermal diffusion (Ota and Agard, 2005), have also provided
evidence for extended signaling and further identify specific
intramolecular pathways. Experimental approaches to specific
pathway identification in allosteric systems include comparisons
among static crystal structures (Gandhi et al., 2008), and
measurements of double and triple mutant cycles (Sadovsky
and Yifrach, 2007).
Continued efforts to understand the physical basis of intramo-
lecular signaling will be aided by the development of experimen-
tally tractable model systems that more fully embody the molec-
ular themes associated with very large RNP assemblies such as
the ribosome and spliceosome (Staley and Woolford, 2009;
Wahl et al., 2009). Aminoacyl-tRNA synthetases (aaRS), the
enzymes that carry out the specific amino acid-transfer RNA
(tRNA) pairing at the heart of the genetic code, exemplify these
features (Ling et al., 2009). Cocrystal structures of unliganded
and tRNA-bound aaRS are available for many of the 23 known
families of these enzymes. Furthermore, development of new
and generally applicable steady-state and pre-steady-state
techniques to measure aminoacylation and proofreading steps
now allows precise quantitative analysis of a much broader
spectrum of cognate and noncognate reactions (Wolfson and
Uhlenbeck, 2002; Uter and Perona, 2004; Uter et al., 2005;
Gruic-Sovulj et al., 2005; Zhang et al., 2006; Guth and Francklyn,
2007). These developments set the stage for a detailed exami-
nation of the stereochemical origins of coding, including the
importance of intramolecular communication from distal tRNA
identity-determining regions to the active site.
Glutaminyl-tRNA synthetase (GlnRS), a 64 kDa monomer
that forms a 1:1 molar complex with tRNAGln, offers a well-
established model system for study of long-distance signaling
(Perona, 2004). GlnRS is an RNP enzyme that first catalyzes
synthesis of glutaminyl adenylate (Gln-AMP) from glutamine
and ATP. The GlnRS protein alone is completely inactive
in Gln-AMP synthesis, and requires tRNAGln-mediatedts reserved
Figure 1. Structures of tRNA-Bound and
Unliganded GlnRS
(A) Crystal structure of the E. coli GlnRS-tRNAGln
complex bound to the glutaminyl adenylate analog
50-O-[N-(L-Gln)sulfamoyl] adenosine (QSI) (Rath
et al., 1998). QSI bound in the active site is de-
picted in red. The positions of helices aH and aK,
and of b strand b11 are also labeled.
(B) Superposition of apo GlnRS with the GlnRS-
tRNA complex, based on backbone atoms from
94 amino acids in both halves of the DNF
(rmsd = 0.50 A˚) (Sherlin and Perona, 2003). The
ribbon trace of the apoenzyme is depicted in light
blue; domain coloring for the tRNA-bound enzyme
is identical to (A). The direction of 10 global rota-
tion of the ABD toward the DNF, upon tRNA
binding, is depicted by the large arrow at upper
right. The rearrangement of the ICL upon tRNA
binding is depicted by the smaller arrow at left.
See also Figure S1.
Structure
Signal Transmission in a Large Ribonucleoproteinconformational rearrangements for active site assembly (Sherlin
and Perona, 2003). The GlnRS RNP then catalyzes a second
reaction: transfer of the glutamine moiety of Gln-AMP to the 30
terminus of its RNA component to form Gln-tRNAGln. Together,
these reactions embody the genetic code for glutamine. GlnRS
also discriminates against synthesis of noncognate glutamyl-
tRNAGln (Glu-tRNAGln) by 107-fold at the level of kcat/KM (Bullock
et al., 2003). Binding of noncognate glutamate to GlnRS
decreases the affinity for tRNAGln by 35-fold, providing a partial
explanation for this remarkable level of discrimination, and
demonstrating that the two substrate-binding sites function
interdependently (Uter et al., 2005; Bullock et al., 2008). Variation
in the KM for glutamine upon perturbation of the enzyme-tRNA
interface also has revealed interdependence (Ibba et al., 1996;
Hong et al., 1996). The only direct contacts made between
tRNAGln and glutamine are directly at the site where bond-
breaking and bond-forming events occur: the a-NH3
+ group of
glutamine is within hydrogen-bonding distance of the terminal
cis-diol of 30-A76 in the tRNA, consistent with the requirement
to juxtapose reactive moieties (the tRNA-A76 20-OH group, the
ATP a-phosphorus, and one glutamine a-carboxylate oxygen)
in the active site.
Comparison of the structures of tRNA-bound and unliganded
GlnRS (Rould et al., 1989; Sherlin and Perona, 2003), together
with steady-state kinetic analysis of a variety of tRNA and
enzyme mutations, has produced considerable speculation
regarding pathways of intramolecular communication within
the RNP (Weygand-Durasevic et al., 1994; Rogers et al.,
1994; Sherman et al., 1996; Hong et al., 1996; Ibba et al.,
1996; Nissan et al., 1999). However, reliable experimental
evidence based on pre-steady-state kinetics has demonstrated
long-range intraparticle signaling only from anticodon positions
U35 and G36 (Uter and Perona, 2004). Thus, the quantitative
contributions of most GlnRS-tRNA contacts, to either glutamine
affinity or Gln-tRNAGln formation on the enzyme, remain
unknown. To measure interaction free energies between
specific protein-RNA interfacial positions and the active site,
we have now performed exhaustive alanine-scanning muta-
genesis coupled with pre-steady-state kinetics at 29 contactStructure 19,points from the tRNA acceptor end to the anticodon loop.
The comprehensive data set derived from these measurements
provides the first highly detailed quantitative mapping of
the sites of intramolecular communication in a large RNP
complex.
RESULTS
Mapping Intramolecular Communication
in the GlnRS RNP
Crystal structures of unliganded and tRNA-bound E. coli GlnRS
offer detailed information on direct and water-mediated protein-
RNA interactions, and provide insight into the conformational
transitions required to achieve a productive enzyme:tRNA:gluta-
mine:ATP quaternary complex poised for aminoacylation (Rould
et al., 1989, 1991; Rath et al., 1998; Bullock et al., 2000, 2003,
2008; Sherlin and Perona, 2003; Gruic-Sovulj et al., 2005). The
central N-terminal dinucleotide fold active site domain of GlnRS
(DNF) is divided by an inserted acceptor-binding domain (ABD)
that binds a hairpinned conformation of the tRNAGln 30-CCA
end, and is followed by an irregular helical subdomain and two
distal b-barrels that bind the tRNA anticodon arm (anticodon-
binding domains; ACBs) (Figure 1A). Comparison of tRNA-bound
and apo GlnRS structures reveals a set of complex and relatively
small induced-fit rearrangements in the protein, including reor-
ientation and ordering of a surface loop that binds the inner
corner of the tRNA (inner corner loop; ICL), 10 rotation of the
ABD toward the active site, and conformational rearrangements
in several peptides that surround the ATP-binding site (Figure 1B)
(Sherlin and Perona, 2003). It is highly likely that both the hair-
pinned 30-acceptor end of the tRNA and an anticodon loop
conformation in which all three bases of the anticodon are flip-
ped out to bind in enzyme pockets form only uponGlnRS binding
as part of a mutual induced-fit process (Rould et al., 1989;
Bullock et al., 2000). The ACBs are only slightly altered in their
orientation with respect to the DNF upon tRNA binding, and
the anticodon base-binding pockets in the ACB appear to be
preformed in the unliganded enzyme (Figure 1B) (Rould et al.,
1991; Sherlin and Perona, 2003).386–396, March 9, 2011 ª2011 Elsevier Ltd All rights reserved 387
Figure 2. Depiction of the Signal Transmis-
sion Strengths from Individual Contacts
across the Protein-RNA Interface
(A) Surface representation of GlnRS (yellow), with
red/blue color coding indicating the quantitative
effect of alanine mutation at that position, on the
free energy of substrate glutamine binding to the
active site. The scale at bottom calibrates
DDGbind in units of kcal/mol, calculated from
DDGbind = RT ln [KD(GLN)WT/KD(GLN)MUT], with
T = 310 K and R = 1.987 kcal/mol  K. Favorable
effects on DDGbind are observed for enzyme
mutants that bind the tRNA vertical arm (see text).
(B) Depiction of the quantitative effects of
alanine mutation on kobs,max, which represents
kobs measured at saturating glutamine concentra-
tion. The free-energy scale is identical in magni-
tude to that in (A). DDGcat = RT ln[kobs,max(MUT)/
kobs,max(WT)].
See also Figure S1 and Table S1.
Structure
Signal Transmission in a Large RibonucleoproteinExamination of the GlnRS:tRNAGln interface reveals direct
readout of base-specific functional groups at positions G2 and
G3 in the acceptor stem, at G10 in the D-stem, and at the three
anticodon nucleotides C34, U35, and G36 (Rould et al., 1989,
1991) (see Figure S1 available online). However, most enzyme
contacts are made with the sugar-phosphate backbone or with
nondiscriminating portions of the bases, demonstrating that
GlnRS also recognizes the detailed sequence-dependent shape
of tRNAGln via indirect readout (Perona and Hou, 2007). The
crystal structures provide a basis to quantitatively assess the
extent to which individual protein-RNA contacts contribute to
active site assembly via long-range transmission. We elected
to proceed primarily by alanine-scanning mutagenesis of the
enzyme because we hypothesized that single alanine surface
mutations have much less potential to disrupt structure and,
thus, to create nonlocal effects, as compared with replacement
of tRNA nucleotides. This hypothesis was tested and validated
for the central anticodon position (see below).
For each of 29 single alanine-substituted mutants at the
GlnRS-tRNAGln interface, we determined the single turnover
rate constant for the two-step aminoacylation reaction in
the active site (kobs,max) and the binding affinity for glutamine
(KD(GLN)) using chemical quench-flow kinetics, as described
(Uter and Perona, 2004) (Figures S2 and S3). Molar excess of
enzyme over tRNA and saturating concentrations of tRNAGln
were maintained in all experiments. kobs,max represents either
the rate of the chemical steps in the active site, or a closely
linked first-order conformational change in the complex that
follows initial binding and that is necessary for active site
assembly. KD(GLN) is derived by measuring the dependence of
kobs on the glutamine concentration and fitting the data to
a hyperbolic-binding function (Johnson, 1991). This parameter
measures glutamine affinity to the active site. Thus, whereas
kobs,max and KD(GLN) each monitor events involving the assembly
or function of the active site, they provide independent insight
into signal transmission from distal interface positions. Pre-
steady-state kinetics is essential to studying intramolecular388 Structure 19, 386–396, March 9, 2011 ª2011 Elsevier Ltd All righcommunication in this system because release of the Gln-
tRNAGln product is the rate-limiting step (Uter and Perona,
2004). Hence, kcat and KM[GLN] are not reliable proxies of kobs,max
and KD(GLN), respectively.
The measurements permit detailed mapping of hot spots
for intramolecular communication, as depicted separately for
kobs,max and KD(GLN) (Figure 2). These ‘‘heat maps’’ show the
interaction free energies for individual protein-RNA contacts,
as reflected in catalytic parameters for distant substrate binding
and catalytic events (Table S1). It is immediately evident that: (1)
communication of the tRNA binding signal occurs for contacts
across the entire interface, with magnitudes that are highly posi-
tion dependent; and (2) themagnitudes of the free-energy effects
propagated to glutamine binding and to active site assembly/
catalysis are generally not the same.
30-Acceptor End and Acceptor Stem Interactions
Enzyme interactions with the hairpinned 30-acceptor end of
tRNAGln include ion pairs made by Arg133, Arg192, and
Lys194 with each of the four 30-terminal phosphate groups,
direct and water-mediated hydrogen bonds from Thr68 and
Asn69 to phosphate and 20-ribose hydroxyl moieties at the 30
CpA dinucleotide, and van der Waals contacts by Ile129 with
the splayed-out C74 and by Leu136 and Ile183 at the broken
U1-A72 pair (Figure 3A). The largest effects on kobs,max (8- to
100-fold) occur from disrupting the interactions made by
Thr68, Asn69, and Arg192 at positions most proximal to the
tRNA A76 20-hydroxyl nucleophile (Figure 3B). Arg192 makes
a bidentate interaction with both the C75 and A76 phosphates,
whereas Lys194 contacts the C75 phosphate alone, possibly
accounting for the nearly negligible effect of removing the latter
interaction. Arg133 forms three ionic contacts with the more
distal G73 and C74 phosphates, yet kobs,max exhibited by
R133A GlnRS is decreased only 3-fold compared with WT.
Mutation of the adjacent Ile129 residue produces only a small
1.5-fold effect, indicating some greater importance for electro-
static interactions.ts reserved
Figure 3. Signaling from Binding of the tRNA 30-End Hairpin
(A) Structure of the acceptor end of tRNAGln bound to GlnRS. Hydrogen bonds are depicted as dotted red lines. (B) Free-energy effects on glutamine binding and
active site assembly/catalysis on the enzyme, as a consequence of individual alanine mutation at eight interfacial positions. The error bars depict the standard
deviations of each measurement based on two to four repetitions of the experiment. See also Figure S2 and Table S1.
Structure
Signal Transmission in a Large RibonucleoproteinPerhaps the most parsimonious explanation of these findings
invokes mispositioning of the A76 20-hydroxyl nucleophile with
respect to the a-phosphate and a-carboxylate of ATP and gluta-
mine, respectively. Disruption of more proximal contacts may
cause greater decreases in kobs,max because these interactions
are more directly involved in reducing flexibility of the tRNA 30
end. This can account for why disruption of the smaller number
of contacts made individually by Thr68, Asn69, or Arg192 each
has a greater effect than removal of the triple ion pair made by
Arg133. Thus, the proximal mutants may more greatly diminish
the capacity of the enzyme to use the free energy of binding to
reduce the entropy of reactive substrate groups (Page and
Jencks, 1971).
The substantial impact on KD(GLN) from mutation at the eight
acceptor end-binding positions implies the existence of
a pathway or pathways for intramolecular communication to
the glutamine-binding site. With the exception of I183A and
I129A, KD(GLN) is weakened 5- to 30-fold in these mutants (Fig-
ure 3; Table S1). The decreases in binding free energy are uncor-
related either with the extent to which kobs,max is diminished or
with the proximity of the mutation to the tRNA A76 20-hydroxyl
group, strongly suggesting that weakened glutamine binding is
not solely due to disruption of a stabilizing contact formed
between the A76 20-hydroxyl and the a-carboxylate. Among
these direct GlnRS-tRNA contacts, the salt bridges formed by
Arg133 and Arg192 appear most critical to facilitating these
conformational changes (15- to 30-fold weakening of glutamine
binding) (Table S1).
Induced-fit rearrangements deduced from comparing the
unliganded and tRNA-bound GlnRS structures provide a frame-
work for interpreting these data (Sherlin and Perona, 2003). The
10 rotation of the ABD upon tRNA binding is accompanied by
rearrangement of a DNF surface loop spanning amino acids
Arg64-Glu76, facilitating formation of the network of interactions
with the 30 end of the tRNA that aremade by both theDNF (Thr68;
Asn69) and ABD (Ile129, Arg133; Leu136; Ile183; Arg192;
Lys194) (Figure 4). Structural changes propagated directly toStructure 19,the glutamine-binding site include rotation of Asp66 into the
pocket, where it forms a conserved salt bridge with the a-NH3
+
moiety, and smaller, distributed structural differences in the
binding site for the glutamine side chain, including repositioning
of the Tyr211 phenolic hydroxyl group that donates a hydrogen
bond to the amide oxygen. Perturbation of these interactions
with substrate glutamine can be envisioned in the mutants
because less tRNA-binding free energy is made available to fully
drive the structural transition.
A plausible focal point for this induced-fit transition is a new
interaction, formed upon tRNA binding, between the carboxyl-
ates of Glu73 and Glu34 (Figure 4). GlnRS enzymes mutated at
these nearly universally conserved residues are decreased up
to 104-fold in kobs,max and weakened in KD[GLN] by up to about
100-fold, with much larger effects when alanine is substituted
as compared with glutamine, and significantly greater attenua-
tion observed upon mutation of the more distal Glu73, which
does not contact tRNA (Uter and Perona, 2006). Glu34 is
embedded in an unusual and conserved Pro-Glu-Pro-Pro tetra-
peptide located at the C-terminal end of DNF strand b1,
preceding a loop that bridges to the ATP-binding class I aaRS
signature sequence His40-Ile41-Gly42-His43. Rearrangements
of this peptide and other adjacent motifs, including the
conserved Met268-Ser269-Lys270 sequence that also binds
ATP, are further observed when tRNA binds. This may indicate
a possible pathway of intermolecular communication that
extends through the ATP-binding site. This possibility is particu-
larly provocative because rearrangement of the ATP-binding site
would likely perturb the unusual intersubstrate hydrogen bond
donated by the NH2 moiety of the glutamine side chain amide
to the 30-OH of ATP. Removal of this contact, as examined by
substitution of ATP with 30-deoxy ATP, increases KM[GLN] by
16-fold and decreases [kcat/KM]GLN for aminoacylation by over
103-fold (Corigliano and Perona, 2009). ATP and glutamine
binding are directly coupled through this intersubstrate contact
in GlnRS; this feature is not observed in other tRNA synthetase
complexes.386–396, March 9, 2011 ª2011 Elsevier Ltd All rights reserved 389
Figure 4. Divergent Stereo View of a Super-
position of tRNA-Bound and apo GlnRS
Structures
The overlay was performed as described in the
legend to Figure 1. Rearrangements in the active
site are observed in the MSK class I signature
motif (residues 268–270, bottom right), and in the
Pro-Pro-Glu-Pro loop motif from residues 32–35
(center). Hydrogen bonds are depicted as dotted
red lines. The Glu34-Glu73 hydrogen bond is
formed only in the tRNA-bound enzyme. Lys270
and Tyr211 are positioned to interact with the
ATP and glutamine substrates only in the tRNA-
bound structure. Other rearrangements in the
active site upon tRNA binding also occur (see
text and Sherlin and Perona [2003] for further
details).
Structure
Signal Transmission in a Large RibonucleoproteinStructural coupling through the ATP-binding site may provide
a mechanism by which some mutants, such as K194A and
L136A, perturb KD[GLN] but have no influence on kobs,max. In
general, because the induced-fit rotation of the ABD both posi-
tions the tRNA 30 end and helps form the glutamine-binding
site, individual perturbations may differentially affect kobs,max
and KD[GLN]. Of course, more direct transmission of the tRNA
30-end binding signal through the protein structure may also
occur. For example the directly adjacent Leu136 and Ile183 resi-
dues assist the required breakage of the U1-A72 pair, a function
that appears structurally distinct from the promotion of 30-end
hairpin formation (Figure 3). Despite their common position and
similar van der Waals interactions, we find that I183A GlnRS is
perturbed only in kobs,max, whereas the L136A mutant is per-
turbed only in KD[GLN] (Table S1). The hydrophobic contact
made by Ile129 with the 30 hairpin, by contrast, significantly per-
turbs neither parameter. Leu136 and Ile183 are located on the
minor groove side of the acceptor helix; a direct path from these
residues to the active site would span approximately 20 A˚ and
pass through both RNA and protein.
In contrast to these data, single-site perturbations of enzyme-
RNA contacts emanating from helix aH of the DNF suggest that
this region of the interface does not play amajor role in active site
assembly. Residues Gln234, Arg237, and Arg238 along this helix
each contact the sugar-phosphate backbone in the minor
groove of the acceptor stem, whereas Asp235 accepts
a sequence-specific hydrogen bond from the exocyclic 2-NH2
group of G3 and also participates in a water-mediated network
that extends sequence-specific recognition to the G2-C71 pair
(Figure 5) (Rould et al., 1989). The largest effects found are
reduction in kobs,max by 4-fold for the R238A mutant and eleva-
tion in KD[GLN] by 2-fold in the adjacent R237A (Figure 5B; Table
S1). The relative lack of intramolecular communication from this
helix may reflect the fact that the glutamine-binding pocket is
formed primarily from residues that also reside in the C-terminal
portion of the DNF. Reorientation of the ABD and DNF upon
tRNA binding occurs about an axis that passes approximately
parallel and very close to aG and aH, so that these two helices390 Structure 19, 386–396, March 9, 2011 ª2011 Elsevier Ltd All righcan be superimposed reasonably well with either domain (Sher-
lin and Perona, 2003). Thus, conformational rearrangements
between aH and the active site upon tRNA binding are small.
These results suggest that, for the tRNA acceptor arm contacts
in the enzyme regions found closer to the active site, intramolec-
ular communication is most clearly connected with the induced-
fit conformational change. Interestingly, mutants at positions
Asp235 and Ile129 relax tRNA discrimination in vivo (Inokuchi
et al., 1984; Perona et al., 1989). It appears then that the mis-
charging phenotype does not arise bymeans of altering intramo-
lecular communication.
Contacts Made by the ICL
Comparison of the unliganded and tRNA-bound structures of
GlnRS shows that an 11 amino acid surface loop (ICL) reorients
up to 7–8 A˚ toward the body of the enzyme upon tRNA binding
(Figure 1B) (Sherlin and Perona, 2003; Rould et al., 1989). This
peptide comprises residues Arg312-Ile322, which form strand
b11, a short connecting loop, and the amino-terminal portion
of helix aK that extends further along the vertical stem toward
the anticodon. The ICL becomes substantially better ordered
upon tRNA binding (Sherlin and Perona, 2003), forming an exten-
sive network of contacts with the sugar-phosphate backbone in
the bottom portion of the acceptor stem and 50 side of the
D-stem (Figure 6). New internal packing contacts are also
made with amino acids at positions Lys45-Leu49 and Arg254-
Asn262 from the first and second halves of the DNF, respec-
tively. These peptides are within or closely adjacent to the
ATP-binding site; thus, rearrangement of the ICL upon tRNA
binding offers considerable potential for communication of
tRNA-binding signals to the active site.
One insight that emerges from the mutational analysis is that
alanine substitutions at four positions in and directly C-terminal
to the ICL (mutants T316A, Q318A, N320A, and E323A) produce
small but consistent 2- to 3-fold improvements in glutamine-
binding affinity. Three more distal mutants in the anticodon-
binding region show very similar effects (see below and Figure 7).
The enhanced affinity for glutamine arising from seven distinctts reserved
Figure 5. Signaling from Binding of the tRNA Acceptor Stem
(A) Interactions made by residues Gln234, Asp235, Arg237, and Arg238, each emanating from helix aH (see Figure 1A), with the tRNA acceptor stem. Hydrogen
bonds are depicted as dotted red lines.
(B) Free-energy effects on glutamine binding and active site assembly/catalysis on the enzyme, as a consequence of individual alanine mutation at each of these
four positions. The error bars depict the standard deviations of each measurement based on two to four repetitions of the experiment.
See also Figure S2 and Table S1.
Structure
Signal Transmission in a Large Ribonucleoproteininterfacial mutations at distances up to 40 A˚ from the binding site
suggests that the architecture of the GlnRS RNP has differenti-
ated over evolutionary time tomaintain glutamine-binding affinity
at a weak level, and provides strong evidence for long-distance
communication. The concentration of glutamine in rapidly
growing glucose-fed E. coli is 3.8 mM (Bennett et al., 2009),
above both the KM[GLN] of 0.26 mM and the KD[GLN] of 1.1 mM
(Table S1) (Uter and Perona, 2004), providing a physiological
rationale for the weak affinity.
A remarkable characteristic of these seven mutants is that
improved glutamine affinity occurs concomitantly with
decreased first-order catalytic rates (Table S1; Figure 2A). This
phenomenon is most evident in the T316A mutant, which re-
moves a direct contact with the phosphate moiety at tRNA
A13. T316A is improved 2-fold in glutamine affinity but is
decreased 7-fold in kobs,max. Similar albeit quantitatively smaller
decreases in kobs appear for Q318A, N320A, E323A, K401A,
Q517A, and T547A, all of which are decreased 2- to 3-fold in
KD[GLN]. These findings provide another demonstration that
active site assembly for (i) acceleration of catalysis and (ii)
induced-fit formation of the glutamine-binding pocket is func-
tionally distinct—implying again the existence of distinct signal
transmission pathways. However, among the ICL mutants the
behavior of K317A stands out because this mutation (which re-
moves a phosphate contact at tRNA U6) weakens glutamine
binding and decreases kobs,max each by 3-fold. The variance
observed for K317A may arise from its contact with the acceptor
arm because the other mutants all remove contacts in the
vertical D/anticodon arm. Thus, the distinct strategy for intramo-
lecular signal transmission, which produces weakening of gluta-
mine-binding affinity, is segregated to interactionsmadewith the
vertical arm alone.Structure 19,Long-Range Signaling from the Anticodon Loop
Discriminatory enzyme contacts in the anticodon loop are
formed with all three anticodon bases, each of which is un-
stacked to bind in a separate protein pocket (Rould et al.,
1991). Interactions with the sugar-phosphate backbone and
the nonspecific portions of the bases in the anticodon and
at the 30 nucleotides A37 and A38 are also made (Figure 7).
Among the ten interactions examined in this region, mutants
removing contacts with the base or sugar moieties generally
have smaller effects than those deleting phosphate interactions
(Table S1). Of the sugar/base contacts, removal of the hydrogen
bond donated by the N3 moiety of U35 to the side chain of
Gln517 improves glutamine affinity by 2-fold, whereas the
R341A, N370A, R410A, and N336A mutations that remove
contacts with the bases of U35, U38, C34, and the ribose at
U38, respectively, do not significantly influence glutamine
affinity. The effects on kobs,max in this subset of anticodon
mutations are in the 2- to 3-fold range, with the largest influence
(kobs,max = 9.9 s
1) observed for the R341A mutation that deletes
a hydrogen bond made with the O4 moiety of the U35 base.
The sole anticodon interactions that contribute favorably to
the affinity for glutamine are the pair of hydrogen bonds donated
by the guanidinium group of Arg520 to the phosphate at G36,
removal of which elevates KD[GLN] by 2-fold (Table S1). Interest-
ingly, removal of the single hydrogen bond donated by Lys401 to
this phosphate improves glutamine affinity by 2-fold. KD[GLN] is
also decreased 2-fold by removal of the Thr547 interaction
with the phosphate at A37. Decreases in kobs,max range from
2- to 5-fold among the K401A, Q517A, R520A, R545A, and
T547A mutants, with the largest effect observed in R520A.
Although the individual quantitative effects are relatively small,
taken together the data set for these ten GlnRS mutants reveals386–396, March 9, 2011 ª2011 Elsevier Ltd All rights reserved 391
Figure 6. Signaling from Binding of the tRNA Inner Elbow
(A) Nucleotides at the inner elbow of tRNAGln are depicted. At the top are nucleotides from the acceptor stem of the tRNA; at the left are nucleotides from the
perpendicular D-stem and short connector that bridges the acceptor and D-stems. Hydrogen bonds are depicted as dotted red lines.
(B) Free-energy effects on glutamine binding and active site assembly/catalysis on the enzyme, as a consequence of individual alanine mutation at seven
interfacial positions in this region of the interface. The error bars depict the standard deviations of each measurement based on two to four repetitions of the
experiment.
See also Figure S2 and Table S1.
Structure
Signal Transmission in a Large Ribonucleoproteina focal point for intermolecular communication stemming from
enzyme interactions made with the base of U35 and the adjacent
phosphates at U35 andG36. These data are generally consistent
with, and greatly extend, steady-state kinetic measurements
of tRNA and enzyme mutants that perturb the anticodon
loop contacts (Jahn et al., 1991; Sherman et al., 1996; Ibba
et al., 1996).
Prior analysis of the U35A and G36U tRNAGln anticodon
mutants revealed only modest effects for G36U (kobs,max =
19.8 s1; KD[GLN] = 4.2 mM]. However, glutamine-binding affinity
in U35A is weakened 18-fold, and kobs is decreased by 27-fold
(Uter and Perona, 2004). These very large effects as compared
to the protein mutants prompted us to examine the behavior of
tRNAGln U35C (Table S1), a more nearly isosteric substitution.
In this case the effects on intramolecular communication are
smaller (4-fold weaker glutamine binding and 10-fold decrease
in kobs,max) but are still larger than the combined effects of
mutating the Arg341 and Gln517 contacts that discriminate
against cytosine, especially when effects on glutamine binding
are compared. This suggests that the U35C substitution still
may influence the local structure sufficiently to perturb interac-
tions at the neighboring phosphates (whereas the bulky U35A
mutant likely is more disruptive). The properties of U35C confirm
previous findings that a much stronger signal for intramolecular
communication arises from position 35 as compared with
position 36, whereas the individual protein mutants provide
quantitative detail with respect to precisely which contacts are
responsible for signal propagation. It appears from these data
that multiple contacts each make small contributions to anti-392 Structure 19, 386–396, March 9, 2011 ª2011 Elsevier Ltd All righcodon signaling. Although the tRNA mutants do likely cause
larger structural perturbations, thus validating the choice of
protein alanine substitutions as a probe, the larger effects
observed offer greater confidence that long-distance transmis-
sion indeed occurs, and are also relevant to assessing how
long-range signaling contributes to tRNA selection.
Because comparison of the tRNA-bound and apo-GlnRS
structures do not reveal an induced-fit pathway by which anti-
codon recognition is signaled to the active site (Figure 1B), we
suggest that this distal modulation of active site assembly may
offer an example of a dynamics-based mechanism for long-
range signal propagation. Dynamics-based signal transmission
as determined by NMR relaxation techniques has been recently
reported for anticooperative binding of cyclic AMP to the dimeric
catabolite activator protein (Popovych et al., 2006), for ligand
binding by a PDZ domain (Petit et al., 2009), and for calmodulin
binding to a variety of target domains (Frederick et al., 2007).
However, in contrast to these smaller protein systems, the struc-
tural complexity and modularity of the GlnRS RNP may encom-
pass long-range communication mediated both by changes in
discrete conformation (structural transmission) and by changes
in dynamics (an entropy-based mechanism) (Frederick et al.,
2007; Popovych et al., 2006). By this hypothesis, then, the free
energy liberated by tRNA contacts made by the DNF, ABD,
and the ICL could be transmitted to the active site by means of
induced-fit conformational changes, whereas signal transduc-
tion of the ACB contacts with the anticodon loop could instead
involve changes in the rapid dynamics of the intervening protein
and RNA. The increasing sophistication of NMR methodsts reserved
Figure 7. Signaling from Binding of the tRNA Anticodon Loop
(A) Interactions of GlnRS with anticodon loop nucleotides C34, U35, G36, A37, and U38, and with anticodon-stem nucleotide C27. Hydrogen bonds are depicted
as dotted red lines.
(B) Free-energy effects on glutamine binding and active site assembly/catalysis on the enzyme, as a consequence of individual alanine mutations.
(C) Further details of the interactions made with the central anticodon nucleotide, U35.
(D) Free-energy effects on glutamine binding and active site assembly/catalysis on the enzyme, as a consequence of individual alanine mutations and of the tRNA
U35C substitution. The error bars depict the standard deviations of each measurement based on two to four repetitions of the experiment.
See also Figures S2 and S3, and Table S1.
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Signal Transmission in a Large Ribonucleoproteindeveloped to examine entropy-related motions of large proteins
on fast pico- to nanosecond timescales suggests that an exper-
imental test of this hypothesis may soon be within reach (Tugar-
inov et al., 2005).
DISCUSSION
Our data offer the first comprehensive view of intramolecular
communication within a large RNP, and provide an essential
basis for the exploration of signal transmission pathways via
multiple mutant cycles, computational approaches, NMR, and
other biophysical techniques. Unlike smaller proteins that have
so far been the main focus of such studies, GlnRS offers
a much richer model system that appears to encompass both
dynamics-based signaling as well as transmission by a variety
of induced-fit mechanisms, including surface loop ordering,
domain rotation, and local rearrangements ofmultiple interacting
peptides (in the active site). The intimate involvement of proteinStructure 19,and RNA opens the possibility of investigating detailed signaling
pathways in a heterogeneous system and should greatly inform
the study of allostery in larger protein-nucleic acid assemblies. It
can also be anticipated that similar long-distance signaling is
a property of many if not all other tRNA synthetase complexes,
and likely provides a key driving force to the continuing evolution
and operation of the decoding apparatus.
The picture that emerges is of a highly complex enzyme that
uses a large number of RNA contacts across an extensive inter-
face to assemble its active site for selective RNA-amino acid
pairing. Aside from interactions with the 30-terminal dinucleotide,
individual contacts with phosphate groups generally liberate the
most free energy to drive structural transitions or (possibly)
dynamics-based signaling (Table S1; Figures 3 and 5–7). This
bears some similarity to findings with restriction endonuclease-
DNA complexes, where enzyme interactions with key ‘‘clamp’’
phosphates are crucial in promoting the induced-fit rearrange-
ments required to surmount the transition state barrier for386–396, March 9, 2011 ª2011 Elsevier Ltd All rights reserved 393
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Signal Transmission in a Large Ribonucleoproteinphosphodiester bond hydrolysis (Jen-Jacobson, 1997). The
muchmore broadly distributed signal transmission points across
the GlnRS-tRNA interface are consistent with a requirement to
discriminate against noncognate tRNA isoacceptors of highly
similar global structure. The important role of phosphate
contacts in long-distance communication also clearly highlights
the importance of indirect readout of tRNA sequence information
in this system. Indeed, the relatively smaller effects of perturba-
tions to contacts with base-specific functional groups in the
acceptor stem and anticodon demonstrate that direct readout
is of considerably less significance than initially assumed (Rould
et al., 1989; Jahn et al., 1991). The finding that EF-Tu possesses
very significant capacity to discriminate among tRNAs, despite
a near-complete absence of base-specific contacts, presages
this conclusion (LaRiviere et al., 2001; Schrader et al., 2009).
Finally, these data offer new insight into the structural
dynamics that underlie selective amino acid-RNA pairing,
a phenomenon only superficially understood in any tRNA synthe-
tase. Remarkably, we find that most contacts to the acceptor
arm and 30 end assist, to varying degrees, in assembling the
glutamine-binding site (Table S1; Figures 3 and 5). In contrast,
many contacts to the vertical arm in the D/anticodon regions
are instead anticooperative: removal of the interaction improves
glutamine affinity (Table S1; Figures 6 and 7). Although each indi-
vidual effect is small, and the extent to which the interactions
may exhibit additivity is unknown, it is possible that the set of
seven identified contacts may collectively function to weaken
glutamine-binding affinity by up to 10- to 100-fold. Anticoopera-
tivity in tRNA synthetase reactions has been observed between
some tRNA identity nucleotides (Putz et al., 1993) and between
the ATP and amino acid in certain circumstances for dimeric
enzymes (Retailleau et al., 2003; Sheoran and First, 2008) but
has not been previously described in pairing amino acid with
tRNA. We also speculate that some enzyme-tRNA contacts
that contribute to weak glutamine binding may also weaken
binding of noncognate glutamate—amatter of some importance
given that the intracellular concentration of this amino acid in
E. coli is 15- to 30-fold higher than that of glutamine (Bennett
et al., 2009).We have been unable to explain the veryweak gluta-
mate affinity for GlnRS (no binding saturation is detected even at
concentrations above 1 M) based on structures and localized
mutational analysis (Rath et al., 1998; Uter et al., 2005; Bullock
et al., 2008; Corigliano and Perona, 2009). These data hint that
exclusion of glutamate might instead have a nonlocal origin
that is coupled to tRNA selection.
EXPERIMENTAL PROCEDURES
Mutagenesis and Enzyme Purification
The pSJW1 plasmid containing a C-terminal His-taggedGlnRS gene was used
for mutagenesis by the QuikChange protocol (Stratagene) (Uter et al., 2005).
Reactions were transformed into XL-1 blue supercompetent cells (Strata-
gene). DNA sequencing of mutant genes was performed by the University of
California, Berkeley, DNA Sequencing Facility.
His-tagged WT and mutant GlnRS enzymes were expressed in E. coli strain
BL21(DE3)pLysS (Invitrogen), cells were grown at 37C in LB media supple-
mented with 100 mg/ml ampicillin and 36 mg/ml chloramphenicol, enzyme
expression was induced with the addition of 1 mM isopropyl-D-thiogalacto-
side at OD600 between 0.4 and 0.5, and cells were harvested 3 hr after
induction. For purification, cells were resuspended in a buffer containing
0.5 M NaCl, 20 mM HEPES (pH 7.2), and 5 mM imidazole, and disrupted by394 Structure 19, 386–396, March 9, 2011 ª2011 Elsevier Ltd All righsonication. Enzymes were purified on a 1 ml nickel column (Amersham
Pharmacia) pre-equilibrated in 5 mM imidazole, 20 mM HEPES (pH 7.2),
2 mM 2-mercaptoethanol, and 0.5 M NaCl; the elution buffer was identical
to the equilibration buffer except for the inclusion of 120 mM imidazole. His-
tagged GlnRS enzymes were recovered at better than 98% purity as judged
by SDS-PAGE, and were stored at high concentration at 20C, as described
for the native enzyme (Bullock et al., 2003). The enzymes were quantitated
based on A280 of 1.06 for a 1 mg/ml solution, determined by computation
from the protein sequence. No modifications to the purification protocol
were required for any of the mutant enzymes.
tRNAGln Synthesis, Purification, and Preparation
TheDel 172-173 variation of T7RNApolymerasewas used to synthesizeE. coli
tRNA2
Gln and the U35C tRNA2
Gln variant (Lyakhov et al., 1997). Each tRNA
contained a catalytically neutral U1G mutation to promote efficient transcrip-
tion initiation and was transcribed in high yield from a synthetic DNA template
(Sherlin et al., 2001). To reduce 30 tRNA heterogeneity, the last two bases at the
50 end of the DNA template contained 20-OCH3 groups. After transcription, the
DNA template was digested with RQ1 RNase-Free DNase for 2 hr. After two
phenol-chloroform extractions, transcripts were loaded on a 5 ml DE-52
(Whatman) column, eluted, precipitated with ethanol, dried, and stored at
20C. Prior to use the tRNA was resuspended in highly purified water or
TE buffer. tRNAGln transcripts were 32P-radiolabeled at the 30-internucleotide
linkage using tRNA nucleotidyltransferase, as described (Wolfson and Uhlen-
beck, 2002; Bullock et al., 2003). Plateau levels for aminoacylation were
70%–90% for all reactions (see Figures S2 and S3). For many mutants,
measurements were made with tRNA derived from different preparations,
with identical results within experimental error.
Rapid Chemical Quench Kinetics
All single turnover measurements were performed using a rapid chemical
quench-flow apparatus (KinTek RQF-3) (Uter et al., 2005). To ensure maximal
substrate activity, 32P-labeled and cold tRNAGln were mixed, and folding
reactions were performed by heating to 80C for 3 min., followed by addition
of 10 mM MgCl2 and slow cooling to ambient temperature. Aminoacylation
reactions were initiated by the addition of WT or mutant GlnRS. The enzyme
was added to a reaction mixture at 37C containing tRNAGln, 0.01–60 mM
glutamine (the precise concentration range depended on the individual
mutant), and 10 mM ATP in a buffer containing 50 mM Tris (pH 7.4), 10 mM
MgCl2, and 5 mM DTT. For all mutants and for tRNA U35C, tRNA saturation
was confirmed by measuring single turnover rate constants at 15 mM enzyme
(10 mM for L136A), saturating levels of glutamine, and at 10 or 100 nM tRNA.
For all perturbed complexes possessing kobs,max diminished by over 3-fold
compared with WT GlnRS, single turnover measurements confirming satura-
tion were also performed at 100 nM tRNA with 3 mM enzyme. Identical values
of kobs,max within experimental error were measured under each of these
distinct conditions. ATP was used at 10 mM for all reactions because mild
substrate inhibition is observed at 15 mM ATP in WT GlnRS (the KM value of
ATP for WT GlnRS is 0.2 mM) (Kern et al.,1980; Rodrı´guez-Herna´ndez et al.,
2010). Although the high concentrations used suggest that all mutants
are likely saturated for ATP, it is possible that for some complexes, ATP
destabilization owing to improper active site assembly may contribute to
a measured diminution in kobs,max. Mixing controls showed that initiation of
the reaction with amino acid, tRNA, or enzyme had no effect on kobs,max
(data not shown).
Reactions were quenched by the addition of 400 mM sodium acetate (pH
5.2) and 0.1% SDS; a small aliquot was then digested with 0.1 mg/ml P1
nuclease for 10 min and spotted on prewashed PEI cellulose TLC plates
(SIGMA), developed with 100 mM ammonium acetate and 5% acetic acid.
Dried TLC plates were exposed to a phosphor screen, and images were
quantified using ImageQuant 5.2. Nine time points were collected for each
kobs determination. Time courses were fit to a single exponential equation
using Prism5 and/or KaleidaGraph software. The kobs values for six different
glutamine concentrations were taken to determine each binding curve, and
these data were fit to a hyperbolic function to determine KD(GLN). The reported
values for kobs,max were also derived from this hyperbolic fit. No indication of
a kinetic lag was found in any time course, confirming that glutamine is in
rapid equilibrium with the enzyme in all cases, as required for this analysists reserved
Structure
Signal Transmission in a Large Ribonucleoprotein(Uter and Perona, 2004). Two to four repetitions of the glutamine-binding
experiments were performed for each GlnRS mutant.
SUPPLEMENTAL INFORMATION
Supplemental Information includes three figures and one table and can be
found with this article online at doi:10.1016/j.str.2010.12.017.
ACKNOWLEDGMENTS
We thank Hari Bhaskaran and Rick Dahlquist for helpful discussions. This
work was supported by NIH grant 3RO1GM63713 (to J.J.P.). A.R.-H. wishes
to express her thanks to the National Council for Science and Technology
(CONACYT-Mexico) for financial support during the development of these
experiments.
Received: September 24, 2010
Revised: December 6, 2010
Accepted: December 22, 2010
Published: March 8, 2011
REFERENCES
Aitken, C.E., and Puglisi, J.D. (2010). Following the intersubunit conformation
of the ribosome during translation in real time. Nat. Struct. Mol. Biol. 17,
793–800.
Al-Hashimi, H.M., and Walter, N.G. (2008). RNA dynamics: it is about time.
Curr. Opin. Struct. Biol. 18, 321–329.
Bennett, B.D., Kimball, E.H., Gao, M., Osterhout, R., Van Dien, S.J., and
Rabinowitz, J.D. (2009). Absolute metabolite concentrations and implied
enzyme active site occupancy in Escherichia coli. Nat. Chem. Biol. 5, 593–599.
Bullock, T.L., Sherlin, L.D., and Perona, J.J. (2000). Tertiary core rearrange-
ments in a tight-binding transfer RNA aptamer. Nat. Struct. Biol. 7, 497–504.
Bullock, T.L., Uter, N., Nissan, T.A., and Perona, J.J. (2003). Amino acid
discrimination by a class I aminoacyl-tRNA synthetase specified by negative
determinants. J. Mol. Biol. 328, 395–408.
Bullock, T.L., Rodrı´guez-Herna´ndez, A., Corigliano, E., and Perona, J.J. (2008).
A rationally engineered misacylating aminoacyl-tRNA synthetase. Proc. Natl.
Acad. Sci. USA 105, 7428–7433.
Cho, H.S., Dashdorj, N., Schotte, F., Graber, T., Henning, R., and Anfinrud, P.
(2010). Protein structural dynamics in solution unveiled via 100-ps time-
resolved x-ray scattering. Proc. Natl. Acad. Sci. USA 107, 7281–7286.
Corigliano, E.M., and Perona, J.J. (2009). Architectural underpinnings of the
genetic code for glutamine. Biochemistry 48, 676–687.
Frederick, K.K., Marlow, M.S., Valentine, K.G., and Wand, A.J. (2007).
Conformational entropy in molecular recognition by proteins. Nature 448,
325–329.
Gandhi, P.S., Chen, Z., Mathews, F.S., and Di Cera, E. (2008). Structural iden-
tification of the pathway of long-range communication in an allosteric enzyme.
Proc. Natl. Acad. Sci. USA 105, 1832–1837.
Goodey, N.M., and Benkovic, S.J. (2008). Allosteric regulation and catalysis
emerge via a common route. Nat. Chem. Biol. 4, 474–482.
Gruic-Sovulj, I., Uter, N.T., Bullock, T.L., and Perona, J.J. (2005). tRNA-
dependent aminoacyl-adenylate hydrolysis by a nonediting class I amino-
acyl-tRNA synthetase. J. Biol. Chem. 280, 23978–23986.
Guth, E.C., and Francklyn, C.S. (2007). Kinetic discrimination of tRNA identity
by the conserved motif 2 loop of a class II aminoacyl-tRNA synthetase.
Mol. Cell 25, 531–542.
Hong, K.W., Ibba, M., Weygand-Durasevic, I., Rogers, M.J., Thomann, H.U.,
and So¨ll, D. (1996). Transfer RNA-dependent cognate amino acid recognition
by an aminoacyl-tRNA synthetase. EMBO J. 15, 1983–1991.
Ibba, M., Hong, K.-W., Sherman, J.M., Sever, S., and So¨ll, D. (1996).
Interactions between tRNA identity nucleotides and their recognition sites in
glutaminyl-tRNA synthetase determine the cognate amino acid affinity of the
enzyme. Proc. Natl. Acad. Sci. USA 93, 6953–6958.Structure 19,Inokuchi, H., Hoben, P., Yamao, F., Ozeki, H., and So¨ll, D. (1984). Transfer
RNA mischarging mediated by a mutant Escherichia coli glutaminyl-tRNA
synthetase. Proc. Natl. Acad. Sci. USA 81, 5076–5080.
Jahn, M., Rogers, M.J., and So¨ll, D. (1991). Anticodon and acceptor stem
nucleotides in tRNAGln are major recognition elements for E. coli glutaminyl-
tRNA synthetase. Nature 352, 258–260.
Jen-Jacobson, L. (1997). Protein-DNA recognition complexes: conservation of
structure and binding energy in the transition state. Biopolymers 44, 153–180.
Johnson, K.A. (1991). Transient-state kinetic analysis of enzyme reaction path-
ways. In The Enzymes, volume 20, R. Dalbey, C. Koehler, and F. Tamanoi, eds.
(New York: Elsevier), pp. 1–61.
Kern, D., Potter, S., LaPointe, J., and Boulanger, Y. (1980). The glutaminyl-
transfer RNA synthetase of Escherichia coli. Purification, structure and
function relationship. Biochim. Biophys. Acta 607, 65–80.
LaRiviere, F.J., Wolfson, A.D., and Uhlenbeck, O.C. (2001). Uniform binding of
aminoacyl-tRNAs to elongation factor Tu by thermodynamic compensation.
Science 294, 165–168.
Ling, J., Reynolds, N., and Ibba, M. (2009). Aminoacyl-tRNA synthesis and
translational quality control. Annu. Rev. Microbiol. 63, 61–78.
Lyakhov, D.L., He, B., Zhang, X., Studier, F.W., Dunn, J.J., andMcAllister,W.T.
(1997). Mutant bacteriophage T7 RNA polymerases with altered termination
properties. J. Mol. Biol. 269, 28–40.
Munro, J.B., Altman, R.B., Tung, C.S., Cate, J.H., Sanbonmatsu, K.Y., and
Blanchard, S.C. (2010). Spontaneous formation of the unlocked state of the
ribosome is a multistep process. Proc. Natl. Acad. Sci. USA 107, 709–714.
Nissan, T.A., Oliphant, B., and Perona, J.J. (1999). An engineered class I
transfer RNA with a class II tertiary fold. RNA 5, 434–445.
Ota, N., and Agard, D.A. (2005). Intramolecular signaling pathways revealed by
modeling anisotropic thermal diffusion. J. Mol. Biol. 351, 345–354.
Page, M.I., and Jencks, W.P. (1971). Entropic contributions to rate accelera-
tions in enzymic and intramolecular reactions and the chelate effect.
Proc. Natl. Acad. Sci. USA 68, 1678–1683.
Perona, J.J. (2004). Glutaminyl-tRNA synthetases. In The Aminoacyl-tRNA
Synthetases, M. Ibba, C. Francklyn, and S. Cusack, eds. (Austin, TX: Landes
Bioscience), pp. 73–88.
Perona, J.J., and Hou, Y.-M. (2007). Indirect readout of tRNA for aminoacyla-
tion. Biochemistry 46, 10419–10432.
Perona, J.J., Swanson, R.N., Rould, M.A., Steitz, T.A., and So¨ll, D. (1989).
Structural basis for misaminoacylation by mutant E. coli glutaminyl-tRNA
synthetase enzymes. Science 246, 1152–1154.
Petit, C.M., Zhang, J., Sapienza, P.J., Fuentes, E.J., and Lee, A.L. (2009).
Hidden dynamic allostery in a PDZ domain. Proc. Natl. Acad. Sci. USA 106,
18249–18254.
Popovych, N., Sun, S., Ebright, R.H., and Kalodimos, C.G. (2006). Dynamically
driven protein allostery. Nat. Struct. Mol. Biol. 13, 831–838.
Putz, J., Puglisi, J.D., Florentz, C., and Giege, R. (1993). Additive and anti-
cooperative effects between tRNA identity nucleotides of a tRNA. EMBO J.
12, 2949–2957.
Rath, V.L., Silvian, L.F., Beijer, B., Sproat, B.S., and Steitz, T.A. (1998). How
glutaminyl-tRNA synthetase selects glutamine. Structure 6, 439–449.
Retailleau, P., Huang, X., Yin, Y., Hu, M., Weinreb, V., Vachette, P., Vonrhein,
C., Bricogne, G., Roversi, P., Ilyin, V., and Carter, C.W., Jr. (2003).
Interconversion of ATP binding and conformational free energies by
tryptophanyl-tRNA synthetase: structures of ATP bound to open and closed,
pre-transition state conformations. J. Mol. Biol. 325, 39–63.
Rodrı´guez-Herna´ndez, A., Bhaskaran, H., Hadd, A., and Perona, J.J. (2010).
Synthesis of Glu-tRNAGln by natural and engineered aminoacyl-tRNA synthe-
tases. Biochemistry 49, 6727–6736.
Rogers, M.J., Adachi, T., Inokuchi, H., and So¨ll, D. (1994). Functional commu-
nication in the recognition of tRNA by Escherichia coli glutaminyl-tRNA synthe-
tase. Proc. Natl. Acad. Sci. USA 91, 291–295.
Rould, M.A., Perona, J.J., and Steitz, T.A. (1991). Structural basis of anticodon
loop recognition by glutaminyl-tRNA synthetase. Nature 352, 213–218.386–396, March 9, 2011 ª2011 Elsevier Ltd All rights reserved 395
Structure
Signal Transmission in a Large RibonucleoproteinRould, M.A., Perona, J.J., So¨ll, D., and Steitz, T.A. (1989). Structure of gluta-
minyl-tRNA synthetase complexed with tRNAGln and ATP at 2.8 A˚ resolution.
Science 246, 1135–1142.
Sadovsky, E., and Yifrach, O. (2007). Principles underlying energetic coupling
along an allosteric communication trajectory of a voltage-activated K+
channel. Proc. Natl. Acad. Sci. USA 104, 19813–19818.
Schrader, J.M., Chapman, S.J., and Uhlenbeck, O.C. (2009). Understanding
the sequence specificity of tRNA binding to elongation factor Tu using tRNA
mutagenesis. J. Mol. Biol. 386, 1255–1264.
Sethi, A., Eargle, J., Black, A.A., and Luthey-Schulten, Z. (2009). Dynamical
networks in tRNA:protein complexes. Proc. Natl. Acad. Sci. USA 106, 6620–
6625.
Sheoran, A., and First, E.A. (2008). Activation of D-tyrosine by Bacillus stearo-
thermophilus tyrosyl-tRNA synthetase: 2. Cooperative binding of ATP is limited
to the initial turnover of the enzyme. J. Biol. Chem. 283, 12971–12980.
Sherlin, L.D., and Perona, J.J. (2003). tRNA-dependent active-site assembly in
a class I aminoacyl-tRNA synthetase. Structure 11, 591–603.
Sherlin, L.D., Bullock, T.L., Nissan, T.A., Perona, J.J., Lariviere, F.J.,
Uhlenbeck, O.C., and Scaringe, S.A. (2001). Chemical and enzymatic
synthesis of tRNAs for high-throughput crystallization. RNA 7, 1671–1678.
Sherman, J.M., Thomann, H.-U., and So¨ll, D. (1996). Functional connectivity
between tRNA binding domains in glutaminyl-tRNA synthetase. J. Mol. Biol.
256, 818–828.396 Structure 19, 386–396, March 9, 2011 ª2011 Elsevier Ltd All righStaley, J.P., and Woolford, J.L., Jr. (2009). Assembly of ribosomes and
spliceosomes: complex ribonucleoprotein machines. Curr. Opin. Cell Biol.
21, 109–118.
Tugarinov, V., Ollerenshaw, J.E., and Kay, L.E. (2005). Probing side-chain
dynamics in highmolecular weight proteins by deuteriumNMR spin relaxation:
an application to an 82-kDa enzyme. J. Am. Chem. Soc. 127, 8214–8225.
Uter, N.T., and Perona, J.J. (2004). Long-range intramolecular communication
in a tRNA synthetase complex examined by chemical quench-flow kinetics.
Proc. Natl. Acad. Sci. USA 101, 14396–14401.
Uter, N.T., and Perona, J.J. (2006). Active-site assembly in glutaminyl-tRNA
synthetase by tRNA-mediated induced fit. Biochemistry 45, 6858–6865.
Uter, N.T., Gruic-Sovulj, I., and Perona, J.J. (2005). Amino acid-dependent
transfer RNA affinity in a class I aminoacyl-tRNA synthetase. J. Biol. Chem.
280, 23966–23977.
Wahl, M.C., Will, C.L., and Lu¨hrmann, R. (2009). The spliceosome: design
principles of a dynamic RNP machine. Cell 136, 701–718.
Weygand-Durasevic, I., Rogers, M.J., and So¨ll, D. (1994). Connecting
anticodon recognition with the active site of Escherichia coli glutaminyl-
tRNA synthetase. J. Mol. Biol. 240, 111–118.
Wolfson, A.D., and Uhlenbeck, O.C. (2002). Modulation of tRNAAla identity by
inorganic pyrophosphatase. Proc. Natl. Acad. Sci. USA 99, 5965–5970.
Zhang, C.-M., Perona, J.J., Ryu, K., Francklyn, C., and Hou, Y.-M. (2006).
Distinct kinetic mechanisms of the two classes of aminoacyl-tRNA synthe-
tases. J. Mol. Biol. 361, 300–311.ts reserved
